SYNOPSIS Type 7 adenoviruses were isolated from lung tissue obtained at the necropsies on five children aged 8 to 15 months. The clinical and radiological findings were those of bronchiolitis and pneumonia. Four children had an extensive necrotizing bronchitis and bronchiolitis. The surviving bronchial epithelium, and all bronchial epithelium in the fifth case, was proliferating. There was evidence that this proliferation was a virus-induced effect and not reparative. There was virus tropism to alveolar lining cells with a pneumonia showing mononuclear cellular reaction, necrosis, and hyaline membranes. Distinctive necrotizing lesions were found in the bronchial glands of all cases. Two contrasting types of intranuclear inclusions were present in all lesions and their significance and inter-relationships are discussed. These pathological changes are specific for infections by a limited number of adenovirus serotypes.
The usual clinical effects of adenovirus infection are well defined. Various serotypes have been identified as the cause of minor febrile, respiratory, conjunctival, and pharyngeal infections occurring at all ages (Stuart-Harris, 1962) . Epidemics of infection may occur, particularly in closed communities, but otherwise the adenoviruses account for only a minority of respiratory illnesses in the general population (van der Veen, 1963) . These infections usually are mild and there is less certainty about the role of the virus in causing severe disease of the lower respiratory tract. During adenoviral epidemics evidence of this infection in cases presenting with pneumonia does not prove a causal relationship (Maisel, Pierce, Crawford, and Rosenbaum, 1962) . On the other hand, there are a number of reports of the isolation of the virus from the lung tissue of children dying of bronchopneumonia and the similarity of the histopathological findings in these cases has supported an adenoviral aetiology.
In Auckland, since 1959, type 7 adenoviruses have been isolated from the lungs of five children dying from acute lower respiratory tract infections. In this paper the clinical, histopathological, and epidemiological features of the five cases are described, compared with those in previous reports, and the specificity of the pathological findings is examined further.
Received for publication 24 January 1967.
CASE REPORTS
Findings in individual cases are presented in the Table. All patients were infants aged 8 to 15 months. Four were male, two were European, and three Polynesian. All were well-grown, well-nourished children with no history of undue susceptibility to respiratory infections and, with the exception of case 4, no previous illnesses of significance.
CASES 1, 2, 3, AND 5 These children had closely similar illnesses. There had been respiratory symptoms of increasing severity for three to four days. One child developed a morbilliform rash two days before the respiratory symptoms and two had diarrhoea. On admission these four children had temperatures of 37-8°C. to 40)6°C. and tachycardia. Distressed, rapid respirations, marked wheeze, rib recession, and auscultatory findings led to a provisional diagnosis of bronchiolitis in all patients. Two children had additional signs suggesting pneumonia. The chest radiographs showed a generalized increase in lung markings indicative of peribronchial or interstitial inflammation. The lung fields were hyperventilated in three patients and three had more extensive shadowing suggesting consolidation or collapse, particularly in the lower zones. Two children had mild hypochromic anaemias. The results of other investigations are tabulated.
All patients were treated with antibiotics, three were given adrenal corticosteroids, and one child was digitalized. One or more antispasmodics were used in each case. Oxygen was given, but respirations were not assisted. Treatment had little effect, fever persisted, and there 561 group.bmj.com on July 5, 2017 -Published by http://jcp.bmj.com/ Downloaded from Many bronchi were filled with exudate, usually mucoid or fibrinous, but occasionally purulent or haemorrhagic. The mucosa of larger bronchi was congested and the walls of smaller bronchi were thickened and the lumina narrowed. The mucosal surfaces of the pharynx, larynx, and trachea in each case were mildly congested but there was no evidence of severe inflammation nor of ulceration. The tracheobronchial lymph nodes were enlarged, congested and oedematous in all cases. Lymph nodes elsewhere were of normal size. The spleens of cases 1, 4, and 5 were enlarged, but to less than twice the normal weight for age. Altered blood was found in the stomach, oesophagus, and respiratory passages of case 4. Bleeding appeared to have been from small pyloric ulcers, which later proved to be due to monilial infection. These were the only abnormalities found outside the respiratory tract.
HISTOLOGY LOWER RESPIRATORY TRACT The lesions common to these cases were characterized by cellular necrosis and by distinctive intranuclear inclusions in the surviving cells. The destructive changes frequently were accompanied or replaced by proliferation. The epithelium of the bronchial tree, the bronchial glands and the alveolar septa were affected particularly, although the severity of the lesions at each site differed considerably from case to case.
BRONCHI AND BRONCHIOLES In cases 1, 2, 4, and 5 the changes were largely destructive and so extensive that no surviving bronchial or bronchiolar epithelium remained in some blocks of lung tissue. The mediumsized intrapulmonary bronchi of 1 to 2 mm. diameter were affected most severely and only a few fragments of respiratory epithelium remained at this level of the bronchial tree. The majority of the larger intrapulmonary bronchi were at least partially ulcerated and all the residual epithelium was abnormal. There was marked exudation from the ulcerated surfaces. Some of the denuded bronchi and bronchioles had narrow lumina encircled by a thick layer of homogeneous eosinophilic P.A.S.-positive material which, apart from its bulk, resembled the typical hyaline membrane present in the alveolar ducts (Fig. 3) . More often the exudate filled the lumen and was pleomorphic, including in various proportions similar hyaline material, mucus, fibrin, neutrophils, macrophages, cellular debris, and desquamated epithelial cells, some of the latter bearing inclusions (Fig. 4) . The ulceration included the basement membrane but rarely extended more deeply. The congested and swollen lamina propria of the larger bronchi was infiltrated by lymphocytes, plasma cells, macrophages, and a few neutrophils, while a similar but more intense infiltration involved the full thickness of the walls of many smaller bronchi and bronchioles, and the adjacent alveoli (Fig. 4) . Muscle bundles and elastic fibres were widely dispersed by this inflammatory reaction. Full-thickness necrosis was rare, however, and was confined to a few terminal and respiratory bronchioles. Otherwise these smaller bronchioles were affected least severely. Some were entirely normal while others, although inflamed and often occluded by exudate, had an intact epithelium.
No ulceration was found in the bronchial tree of case 3, but the respiratory epithelium of all bronchi and bronchioles showed proliferativechanges (Fig. 5 ).
There was similar proliferation of all residual epithelium in the larger bronchi of the other cases (Fig. 6 ). Cilia and goblet cells were absent throughout and a stratified arrangement of polyhedral cells with swollen vesicular nuclei replaced the regular pseudo-stratified columnar structure. There were occasional mitoses in the basal layers. Many cells near the surface were degenerate or were desquamating, and these often contained inclusions (Fig. 6) Histopathology offatal adenovirus infection of the respiratory tract in younig children sectioned (Figs. 3 and 7) . The peripheral lobules, situated outside the cartilage plates, were particularly affected. Changes were focal, sometimes involving only a single acinus, but often several acini or a whole lobule were replaced by a granular eosinophilic coagulum. Both the mucous and the serous acinar cells had either been completely destroyed or were degenerate and desquamating into the lumina. Many residual cells contained inclusions (Fig. 7) . The acinar basement membranes usually remained intact, but the lobular and perilobular connective tissue was heavily infitrated by lymphocytes and plasma cells. Fibrin, neutrophils, macrophages, and mucus filled other affected acini. The severity of the acinar lesions had no correlation with the degree of epithelial destruction in the associated bronchus. Changes in the larger ducts, however, were similar to those in the bronchi.
ALVEOLI The appearances were highly variable but the consolidated areas in cases 1, 2, 4, and 5 had features in common. Alveoli and alveolar ducts were distended by an eosinophilic exudate part proteinaceous oedema fluid, part fibrin strands, part granular coagulum. Some of this material may have tracked down from the bronchial tree, but much was a result of focal necrosis of the alveolar septa and local inflammatory exudation. Many alveolar ducts were lined by a P.A.S.-positive hyaline membrane. There was an interstitial and intraalveolar infiltration by macrophages, lymphocytes, and plasma cells. Neutrophils were abundant in a few areas, but no bacteria were identified. In the most severely affected lung there was extensive disorganization as a result of necrosis of the cellular components of the alveolar walls and of inflammatory cells, leaving much nuclear debris mingled with eosinophilic exudate and foci of haemorrhage. Even in these areas the connective tissues of the alveolar septa were intact and no occlusive vascular lesions were detected. The consolidated areas often were bounded by interlobular septa and a necrotic terminal bronchiole was identified centrally in others. Less severely affected alveolar tissue was congested and oedematous, with or without fibrinous exudation and mononuclear reaction. Alveolar lining cells were swollen, many to cuboidal shape, particularly in the alveoli immediately adjacent to inflamed bronchiolar walls. Inclusion-bearing cells were abundant in the necrotic areas. Some cells were lying free but others were attached to remnants of the alveolar septa and in the less degenerate tissue it was clear that inclusions were developing in the swollen alveolar lining cells (Fig. 8a) . Other free-lying, inclusion-bearing cells may have been macrophages or cells desquamated from the respiratory epithelium. No section of the lung was entirely normal, as in addition to widespread bronchial and bronchiolar lessions other alveolar tissue was either emphysematous or atelectatic (Fig. 4) . There was severe alveolar and interstitial emphysema throughout the lungs of case 3.
INCLUSIONS Two types of nuclear change were attributed to viral proliferation. The first was a diffuse accumulation in the nucleus of homogeneous, amphophilic or basophilic, phloxinophilic, strongly Feulgen-poitive material (Figs. 7b and 8a) . This was not sharply demarcated from the surrounding nuclear chromatin. The second was a discrete, eosinophilic, phloxinophilic, but Feulgen-negative inclusion, surrounded by a clear zone or 'halo' in the nuclear chromatin (Figs. 6 and 8b ). These differed from the type A viral inclusions of herpes simplex or varicella in that the outlines were irregular and poorly demarcated and the surrounding 'halo' incomplete (Fig. 8b ). There was a marked difference in the size of the two types of inclusions. The majority of discrete eosinophilic inclusions were less than 5,u in diameter and the nuclei were only slightly enlarged. By contrast the diffuse Feulgen-positive inclusions filled nuclei ranging from normal size up to giant forms as much as 14[t in diameter. The latter were a striking feature even under low magnification (Fig. 7a) . Amphophilia was more evident in the larger inclusions, but Feulgen-positivity persisted in the majority. A thin rim of chromatin remained about the large inclusions, sometimes separated by a narrow pale zone, but a distinct 'halo' was unusual. Many inclusions in desquamating or degenerate cells were crenated, vacuolated, or fragmenting. With increasing eosinophilia of cytoplasm and disappearance of all nuclear basophilia, other cells were transformed into homogeneous eosinophilic bodies accompanying the debris within the lumina of many alveoli, glands, and bronchioles.
The interrelationships of the two types of intranuclear inclusions were not clear. Both types were found together in some tissues and could therefore have been different stages of a single developmental sequence (Fig. 8a) . However, the large diffuse inclusions predominated in alveoli and in glands and a sequence could be traced from normal nuclei to the largest inclusions, without the discrete eosinophilic inclusions appearing to be a necessary part of this sequence. Alternatively, the eosinophilic inclusions often occurred alone in the proliferating bronchial epithelium and here a second sequence could be traced from the appearance of small, sometimes multiple, eosinophilic particles group.bmj.com on July 5, 2017 -Published by http://jcp.bmj.com/ Downloaded from eventually filled or the cell degenerated (Fig. 6) (Rosen, 1960) . The adenoviruses isolated more recently from the throat and lung of case 5 were identified as type 7 by neutralization techniques (Grayston, Johnston, Smith, and Loosli, 1956 ). The antisera used were prepared by a technique similar to that described by Rowe, Huebner, Hartley, Ward, and Parrott (1955) .
DISCUSSION
The extent of the necrotizing lesions in bronchial and bronchiolar epithelium determined the clinical course of four patients. The initial clinical and radiological findings were those of bronchiolitis and the patients' death followed progressively severe anoxia largely due to airway obstruction. It is doubtful if even the best modern methods of respiratory management could have maintained patency of the bronchial tree against such an outpouring of exudate. The presence of viral inclusions in alveolar lining cells proved a true viral pneumonia in each case, but clinically the alveolar lesions appeared to be of secondary importance.
The fifth patient had an intact bronchial epithelium and might have survived had he not suddenly developed interstitial pulmonary emphysema and pneumomediastinum. In this case there was widespread proliferation of the bronchial epithelium which, in the absence of ulceration, clearly was not reparative. In all cases the presence of viral inclusions in the proliferating cells indicated that this change was virus induced. Hyperplasia of bronchial epithelium infected by adenoviruses has also been observed in vitro (Maddi, 1963) and is of interest in relation to the oncogenic properties of type 7 adenovirus (Larson, Girardi, Hilleman, and Zwickey, 1965) . The necrotizing lesions in bronchial glands were a striking feature of all cases and of particular diagnostic importance in case 3 in which they provided the first evidence of an adenoviral aetiology.
The uniformity of these pathological findings is strong evidence that the type 7 adenovirus isolated from each case was the primary aetiological agent and not an incidentally detected prevalent virus. Additional points confirming this relationship are: (1) that similar changes have been described in other cases from which certain adenovirus serotypes have been isolated; (2) that the intranuclear inclusions resemble those produced by these adenoviruses in other cell systems; (3) that no other infectious agent is known to cause this combination of lesions; and (4) that there was no evidence of a concurrent adenovirus epidemic.
FATAL ADENOVIRUS INFECTION The first reports of the isolation of adenoviruses from children dying with pneumonia were from France, two case with similar pathological findings reviewed by Chany, Lepine, Lelong, Le-Tan-Vinh, Satge, and Virat (1958) . Wright, Beckwith, and Gwinn were able to collect reports of 28 fatal cases of adenovirus infection in children, but there were only three further descriptions of the pathology in cases from which viruses had been isolated, one 567 group.bmj.com on July 5, 2017 -Published by http://jcp.bmj.com/ Downloaded from from Japan (Kawai, 1959) (Teng, 1960) , when 3,398 children presented with pneumonia at one hospital in Peking, 528 died, and Hsiung (1963) later described the pathology of 40 of these cases in which adenoviruses were isolated from lung tissue. With the inclusion of other reports from Russia (Dreizen, Zhukova, and Kniazeva, 1960) and Germany (Guthert, Meerbach, and Wockel, 1964) there are pathological descriptions of at least 60 cases from which adenoviruses have been isolated. The majority of these adenoviruses have been type 7 and all but one of the remainder type 3. Most patients were previously healthy infants under 1 year of age. Necrotizing bronchitis and bronchiolitis, and a pneumonia with mononuclear cellular reaction, hyaline membranes, and necrosis have been described in varying detail in all cases from which type 7 or type 3 viruses were isolated. These changes appear identical to those found in the present series, but not all authors have described the acidophilic granular necrosis of mucous glands and hyperplastic epithelium which were a feature of all the Auckland cases. The presence of inclusions or the isolation of a virus from the appropriate tissue strongly supports the adenoviral aetiology of meningo-encephalitis (Chany et al., 1958) , hepatitis (Benyesh-Melnick and Rosenberg, 1964) and lymphadenitis (Kawai, 1959) in some cases, but these appear to be unusual complications.
INCLUSIONS All reports of the pathology of type 7 infection describe intranuclear inclusions in the lesions in the respiratory tract and most make a distinction between the smaller eosinophilic forms with surrounding halo and the much larger basophilic inclusions which fill greatly expanded nuclei.
There has, however, been a difference of opinion on the interrelationship of the two types of inclusion, with each referred to as the late or mature form and the other as the precursor. The conclusion stated above, that these were alternative and largely independent reactions of the nucleus to infection, receives support from consideration of the cytological changes induced in tissue cultures by type 7 adenoviruses (Boyer, Denny, Miller, and Ginsberg, 1960 (Deinhardt, May, Calhoun, and Sullivan, 1958; Clarke, Corner, Gambier, Macrae, and Peacock, 1964) .
Other virus infections may induce intranuclear inclusions in the respiratory tract but these will not usually cause diagnostic difficulty. Although some of the adenovirus inclusions resemble the type A inclusions of varicella and herpes simplex the lesions of the disseminated forms of the latter infections are typically focal and involve other organs, while the larger basophilic inclusions characteristic of adenovirus infection will be absent. Cytomegalic inclusion disease will be readily excluded because of the difference in the clinical setting, in the localization of lesions in the respiratory tract, and a marked difference in size and form of all but the degenerate cytomegalic inclusions. In morbilli there may be some destructive changes in the respiratory epithelium and bronchial glands, plus small amphophilic intranuclear inclusions, but these inclusions will be in multinucleated epithelial giant cells which also contain prominent cyto-568 group.bmj.com on July 5, 2017 -Published by http://jcp.bmj.com/ Downloaded from plasmic inclusions. Confusion between the two diseases is more likely to be on clinical than pathological grounds because of morbilliform rashes caused by adenovirus infection Chany et al., 1958) .
Many pathological features of types 3 and 7 infection closely resemble those due to the influenza viruses. Necrotizing lesions in the respiratory epithelium of similar extent, depth, and maximum localization in smaller bronchi have been described in influenza uncomplicated by bacterial infection (Walsh, Dietlein, Low, Burch, and Mogabgab, 1961) . Necrosis of cells in bronchial glands (Spencer, 1962) and tropism to alveolar lining cells (Hers and Mulder, 1961) have also been reported. Fatal influenza infection is rare in infants, but histological differentiation from adenoviral infection would rest largely on the demonstration of typical inclusions in the latter.
The more recently identified organisms causing the majority of childhood respiratory infectionsthe rhino-viruses, the respiratory syncytial virus, the para-influenza viruses, and the Eaton agentwould not have been detected by the methods used to isolate adenoviruses from these cases. Little is known of the pathology of these rarely fatal infections, particularly that due to the rhino-viruses and Eaton agent, but it appears unlikely that they would have caused such widespread necrotizing lesions in the bronchi, or have induced intranuclear inclusions. The respiratory syncytial virus is the major cause of bronchiolitis in infancy, but in the few cases reported the bronchial epithelium has shown syncytium formation and the inclusions were cytoplasmic (Adams, Imagawa, and Zike, 1961; Holzel, Parker, Patterson, Cartmel, White, Purdy, Thompson, and Tobin, 1965) . The bronchial epithelium does not appear to have been severely affected in fatal cases of infection by para-influenza viruses (Ishida, 1957; Arrobio, 1964) . The differing pathological effects of adenoviruses and other respiratory viruses parallel the changes, necrotizing or otherwise, induced in organ cultures of respiratory epithelium (Tyrrell and Hoom, 1965) . EPIDEMIOLOGY Several studies have demonstrated a low incidence of antibodies to type 7 adenoviruses in childhood, indicating that sporadic infection is uncommon at this age (van der Veen, 1963) . This is not one of the serotypes commonly latent in nasopharyngeal lymphoid tissue. Nevertheless, epidemic infection of children is well documented and although the incidence of serious lower respiratory tract infection has been low in some epidemics (Sterner, 1962) , others have provided the majority of the fatal cases previously reported. This variability in severity is unexplained, as is the maximum occurrence of fatal cases in an age group generally little affected by this virus. The epidemiological basis of the Auckland cases is obscure. Four presented within 13 months, but at three-to-six-month intervals and without geographical relationship. There is no indication from the records of hospital admissions that there was an unusually high incidence of any category of childhood respiratory infection during this 13 months. Although adenoviruses were isolated from other patients, none were type 7. It is possible that the virus was widespread in latent form (Andrews, 1964) , but the special susceptibility of these previously healthy children remains unexplained.
